Abstract. The viscoelastic properties of an ethylene/propylene/diene rubber (EPDM) containing 30 parts per hundred parts rubber [phr] carbon black (CB) were determined by dynamic mechanical thermal analysis (DMTA) measurements. A 15-term Maxwell-model was created to describe the time-dependent material behavior of this rubber. The frictional behavior under dry rolling conditions was studied on a home-built rolling ball (steel)-on-plate (rubber) (RBOP) test rig. Both normal and tangential forces were detected during the measurements. The rolling test was simulated with the MSC.Marc finite element (FE) software using the evaluated viscoelastic material properties. Results of the experimental tests and of the simulation were compared and a good agreement was found between them.
Introduction
Rubbers are utilized widely in mechanical engineering. Tires, v-belts, belts, rollers are made of rubbers or of rubber-based composite materials. The water-, heat-and chemical-resistances, the excellent and tailorable elastic properties, the high coefficient of friction make them as first-choice materials for the above applications. However the construction and design of the related rubber parts need profound knowledge on the non-linear and viscoelastic properties of the related rubbers. The internal damping of rubbers can be useful, but the same phenomenon can cause unfavorable energy dissipation during rolling or cyclic fatigue-type loading of rubbery elements. The exact analytical calculation of the observed strains during mechanical loading of rubbery elements is a great challenge due to the complexity of the viscoelastic material models. Although some simplified analytical methods were developed to evaluate for example the friction resistance or internal heat generation in viscoelastic materials during rolling contact, they failed for more complex stress states or for repeated stresses [1] [2] [3] [4] [5] [6] [7] [8] [9] . On the other hand the finite element (FE) method is able to handle complex viscoelastic material models owing to the permanent advancement of the software and hardware background. This progress makes possible to perform more complex and at the same time, accurate simulations [10] [11] [12] . The aim of this study was to investigate the rolling friction whereby a steel ball is rolling on a rubber plate.
The linear-viscoelastic properties of the rubber were determined by dynamic mechanical thermal analysis (DMTA). On the basis of DMTA measurements a master curve was created and a 15-term Maxwell-model was fitted to this master curve. To describe the incompressibility and the non-linear behavior of the rubber, i.e. the non-linear stressstrain curve, the Mooney-Rivlin material model was used. The constants of the two term MooneyRivlin material law were calculated by simplified equations [20] [21] . For the simulations the FE software MSC.Marc was used. The rolling friction of an ethylene/propylene/diene rubber (EPDM) was measured in an oscillating rolling ball (steel)-on-plate (rubber) configuration (Oscillating-RBOP) and simulated by FEM. Friction force, normal load and coefficient of friction (COF) were determined. The results of the tests and the simulations were compared with each other and discussed.
Experimental

Rolling friction test
Rolling friction tests were carried out on a home built test rig with oscillating rolling ball (100Cr6, d = 2r = 14 mm, R a = 1 µm) and stationary rubber plate (cf. Figure 1) . The steel ball is driven by the driver part to conduct oscillating rolling motion on the rubber plate. The load is applied by a lever system. The reciprocating linear rolling of the ball occurred with an amplitude of A = 25.06 mm, a cyclic frequency of f = 1/30 Hz under a normal load of 140 N. The normal and friction load are measured by load cells. The load cell which measures the normal load (Load cell 1, cf. Figure 1) is placed under the base plate, while the other load cell which measures the friction force (Load cell 2) is placed at the driver element. The ball is rolling in the guiding edges of the driver part (cf. Figure 1c) .
Test conditions
The linear reciprocating movement of the driver part and the reciprocating rolling of the ball have different amplitudes and speeds due to the set-up. As starting point of our calculations we used the known movement of the driver part, which reciprocated with a given amplitude and frequency. The ball's kinematical and contact geometry is shown in Figure 2 . One could see the original and the end position of the ball and the direction of the oscillation shown by arrows. Figure 2 also shows the change of the ball's displacement and the change of the curve of rolling velocity versus the time, where T is the period (30 sec). On the right side one can see the contact geometry, where r is the radius of the rolling steel ball (7 mm), g is the width of the guiding groove on the driver part (8.6 mm), h is the vertical distance from the center point to the upper contact point of the ball, calculated by Equations (1) and (2):
where (2) We assumed the pure rolling of the ball without any slip at the contact both with the driver part and with the rubber specimen. With this assumption the position and the velocity of the driver part could be calculated using Equations (3) and (4):
The ratio of the driver part's displacement and velocity to those of the rolling ball is constant. The displacement (s(t)) and the velocity (v(t)) of the rolling ball is smaller than that of the driver part. This ratio is given by the Equation (5):
Using Equations (3), (4) and (5), the displacement and the speed of the rolling ball can be described by Equations (6) and (7):
The maximum of the displacement (s(t) max ) of the rolling ball means the amplitude of the reciprocating motion. This will be reached at t = 0, t = T/2 and t = T. The maximum of the rolling velocity is reached at t = T/4 and t = 3T/4 (cf. Figure 2 ). Substituting the data into Equations (6) and (7), the displacement and the velocity of the rolling ball can be described by Equations (8) and (9):
If we fixed the center point of the coordinate system at the middle point of the ball, the apparent angular velocity of the ball (ω(t)) could be calculated as Equation (10):
This value will be needed later by the description of the boundary conditions of the FE simulation.
Results of the rolling frictiontest
During the measurement the normal and the tangential force were registered (cf. Figure 3) . It shows the change of the normal and tangential forces in one cycle and the calculated coefficient of friction (COF). The COF is calculated as the ratio of the friction force to the normal load (Equation (11)):
where F T is the tangential force, F N is the normal force.
The sign of the friction force is changing, due to the changing rolling direction. The normal force is constant; however a small deviation was observed at the end of the cycle. The highest and smallest values of the tangential force are approximately ±4.8 N. Between the direction changes of the rolling ball a plateau can be seen in the tangential force vs. time curve. The COF vs. time curve has also an oscillation, the maximal and minimal value of it are approximately +0.034 as well as -0.034. 2 and 4 mm thick) were produced by compression molding at 160°C and 7 MPa pressure using a Satim press (Rion des Landes, France). The vulcanization time was adjusted by considering the time needed for the 90% crosslinking at T = 160°C. The material characteristics were determined in the Institut für Verbundwerkstoffe (IVW) [13] .
Material characteristics
To be able to simulate the rolling friction of the rubber specimen, it is inevitable to determine the viscoelastic properties of the investigated material. Usually a dynamic mechanical thermal analysis (DMTA) test is carried out [14] where the frequency of the applied stress or strain and the temperature are changed in parallel. Another method is the stress relaxation measurement where a constant strain is applied on the specimen and the reaction force is detected as a function of the time. This measurement is repeated at different temperatures in a wide temperature range. In our case the DMTA spectra was recorded on rectangular specimens (length × width × thickness = 20 ×10 × ca. 2 mm 3 ) in tensile mode (cf. Figure 4 ) as a function of temperature (from -100 to +100°C) and frequency at 1, 10 and 100 Hz using a Q800 device of TA Instruments (New Castle, DE, USA). The conditions set were: strain 0.01%, temperature step: 5°C, time for temperature equilibration at each step: 3 sec. According to the user's manual of the DMTA device, the storage (E ′)-, the loss moduli (E ″) and the loss factor (tanδ) were calculated using Equations (12), (13) and (14):
where, E * is the measured complex moduli of the sample and δ is the phase angle which is calculated by Equation (15):
where f is the frequency of the dynamic excitation and Δt is the time delay between stress and strain. As a result of the DMTA measurements, one can get the change of the storage (E ′)-, and of the loss moduli (E ″) as well as of the loss factor (tanδ) versus the applied frequency and versus the temperature. Figure 5 illustrates the change of the storage moduli (E ′) versus the frequency at different temperatures. In the figure, one can see that the highest moduli are measured at the lowest temperature, while the lowest moduli were measured at the highest temperature. The glass transition temperature (T g ) can be clearly seen (-45°C, cf. Figure 5 ), because the variation of the storage modulus is most intensive at T g . The noteworthy temperatures are shown by arrows in Figure 5 . From the storage moduli curves, based on the Williams-Landel-Ferry (WLF) equation, we were able to create a storage modulus master curve (cf. Figure 6 ) [15] . The reference temperature was chosen for 20°C. Every other curve was shifted into the right direction with the right shift factor. From the master curve (cf. Figure 6 ) one can observe the change of the storage moduli versus the time in logarithmic scale. (16) and (17) [20, 21] :
where, C 10 -is the first Mooney-Rivlin parameter, C 01 -is the second Mooney-Rivlin parameter, Eis Young's modulus. Adjusted to the formulation of the FE software, the Mooney-Rivlin parameters were calculated based on the highest modulus of the EPDM rubber material. Using Equations (16) and (17), the calculated Mooney-Rivlin constants are the following: C 10 = 123 MPa, C 01 = 493 MPa.
FE simulation of the rolling friction test
The model used in the simulation is shown in Figure 7 . The rubber plate was defined as deformable body; the sphere was defined as a rigid body. The dimension for the rubber plate is 37.6 mm× 27.4 mm×4 mm, divided into 4256 elements (38×28×4). To increase the accuracy of the simulation and to decrease the computing time at the same time, the so called LOCAL ADAPTIVITY of MESH ADAPTIVITY was turned on, which was applied only to the deeper color elements shown in Figure 7 . This method increases the number of elements in the chosen region when a given mean strain energy density was reached. In our case this value was 1.5 N/mm 2 . In that way the mesh will be changed during the simulation. The original and the automatically modified mesh can be seen in Figure 7. The first picture shows the rubber plate and the rigid sphere in its starting position. The second picture (front view) shows the sphere and rubber plate pushed together (the upper sphere mesh represents the original position of the sphere). The third picture shows the position of the sphere at t = T/2, where the re-meshed part of the rubber plate is also visible.
The model was built up from 8-node solid Hermann type elements. There was no friction applied between the rigid sphere and the rubber plate. A rigid flat surface was fixed onto the bottom of the rubber plate. This rigid surface and the bottom of the rubber plate were glued together.
The load was applied by the prescribed displacement of the ball. The ball moved vertically (-z direction, cf. Figure 7 ) till a fixed position and pressed onto the rubber plate. The horizontal movement (prescribed velocity in direction x, cf. Figure 7) was applied to the rigid surface which was glued to the bottom of the rubber plate. Parallel to this horizontal reciprocating motion, an angular velocity was applied onto the rigid sphere. The driving time curves of the prescribed displacements and velocities are summarized in Figure 8 . The time curve for the vertical movement of the rigid sphere (tc1) is linear. At t = 0 s the value of the curve is zero. Subsequently it increases linearly until t = 1 s, where it will be 1. After this the value remains constant until the end of the cycle (t = 31 s). To ensure a normal force of 140 N, this value (1) will be multiplied with a proper displacement value (1 mm). The movement of the rigid surface at the bottom of the rubber plate and the angular velocity of the sphere can be driven by the same time curve (tc2). To prescribe the right velocity and right angular velocity, the values of the sinusoidal time curve will be multiplied by 1.47 mm/s for the horizontal velocity of the rubber plate, and by 0.21 rad/s for the angular velocity of the sphere. The value of the sinusoidal time curve (tc2) is zero from t = 0 s to t = 1 s. In this way, the velocity of the rubber plate will be (Equation (18) 
while the angular velocity of the sphere can be described with Equation (19):
Results of the simulation
Friction force, normal load and the calculated COF from the simulation are shown in Figure 9 . The FEcalculated reaction force in vertical (z) direction at the rigid sphere (cf. Figure 7) is defined as the normal force. The friction or tangential force is the reaction force in x-direction (cf. Figure 7) which is calculated at the rigid surface gluing to the rubber plate. One can see in Figure 9 that the direction of the friction force was reversed when the ball moved back and COF shows clear oscillating characteristic. The COF was calculated using Equation (11) .
Comparison of the measured and the FE simulated results
The measured and FE-calculated friction and normal forces are displayed in Figure 10 . The curves from the simulation show a fair agreement with the experimental ones. It means that the FE simulation is usable to analyze the rolling process on the rubber plate and get a well quantitative description of the rolling friction. A more spectacular comparison is the collation of the measured and FE-simulated COF results (cf. Figure 11 ). Although the measured and the FE calculated values don't cover each other perfectly, the difference between the results is very small. One explanation may relate to the assumption of pure rolling, because in the contact area the micro-slip phenomenon [22] produces stick-slip around the pure rolling lines. At the same time, under lubricated conditions, this effect is not dominant.
Conclusions
This study describes a general method on how to consider the viscoelastic behavior of rubber materials. The description of the viscoelastic material behavior can be realized, for example, with proper number of Maxwell elements, by which the simulation results can well be adjusted to those of the experiments. Increasing number of elements in the FE-model and/or increasing number of steps during the simulation may further improve the accuracy of the calculations. However, both of the listed refinements can lead to a pronounced increase of the CPU time. Based on the results presented in this work the following conclusions can be made: -The viscoelasticity of the EPDM material was determined by DMTA measurements successfully. -The fitted 15-term Maxwell-model is able to describe the viscoelastic behavior of the investigated EPDM rubber. -The FE method used is powerful tool to consider the viscoelastic properties of rubbery materials accordingly and to simulate their process of rolling friction.
